The nucleotide excision repair (NER) and spore photoproduct lyase DNA repair pathways 25 are major determinants of Bacillus subtilis spore resistance to ultraviolet (UV) radiation. 26
Introduction 47
The constant exposure of cells and spores of Bacillus subtilis to a number of 48 environmental factors of chemical and physical origin may result in the production of 49 number of types of DNA lesions, including strand breaks, apurinic/apyrimidinic (AP) sites, 50 UV-induced pyrimidine dimers (PD) of various types and chemically altered bases (21, 25, 51 43). B. subtilis possesses an arsenal of preventive and repair mechanisms to counteract the 52 mutagenic and deleterious effects of these insults (5, 10, 28, 29, 30, 31, 38, 53, 55) . 53
Expression of genes that prevent and repair genetic insults in this bacterium is regulated in 54 time and space by gene circuitries that respond to developmental and environmental 55
conditions during growth and cell differentiation (6, 23, 24, 28, 34, 38, 49, 54, 55) . 56
When nutritional and/or environmental conditions trigger sporulation, B. subtilis 57 undergoes a final round of DNA replication followed by polar septation and segregation of 58 the chromosomal copies between two unequal cell-sized compartments that follow 59 dissimilar programs of gene expression (reviewed in refs. 9 and 27). The end product of 60 sporulation is a highly resistant endospore with no detectable metabolism that lacks most 61 common high-energy compounds (39). This endospore can remain dormant for long 62 periods of time, until it encounters the appropriate conditions to germinate and resume 63
GGATCCATTTTCAGATTCGGGTTCGTT-3'
(forward) and 5-136
CTGCAGTGACTTCCATTGCAGCGCA-3' (reverse), that inserted BamHI and PstI 137
restriction sites, respectively, into the cloned DNA (restriction site sequences underlined). 138
The PCR fragment was first ligated into PCR-Blunt-II-TOPO (Invitrogen Life 139
Technologies, Grand Island, NY) and transformed into E. coli DH5α. The resulting 140 construct (pPERM653) was cut with BamHI and PstI and the 960-bp ywjD insert was 141 purified and ligated into BamHI-PstI-treated pQE30 (QIAGEN Inc., Valencia, CA). This 142 expression vector provided the start and stop codons as well as an IPTG-inducible T5-143 promoter to direct the expression of the ywjD ORF. The resulting construct was 144 transformed into E. coli XL-10 Gold (Stratagene, La Jolla, CA) generating E. coli strain 145 PERM661. The plasmid in this strain was subjected to both restriction analysis and DNA 146 sequencing to ensure the proper insertion of ywjD into pQE30, in which a His 6 -tag was 147 fused in-frame at the N-terminal coding region of ywjD. 148
149
Purification of His 6 -YwjD. E. coli strain PERM661 was grown at 37°C in 50 ml of LB 150 medium to an OD 600nm of 0.5. At this point, the culture was supplemented with IPTG to a 151 final concentration of 0.5 mM and expression of ywjD was induced for 2 h. Cells were 152 collected by centrifugation and washed twice with 10 ml of 50 mM Tris-HCl (pH 6.0), 150 153 on June 22, 2017 by guest http://jb.asm.org/ Downloaded from mg/ml) for 1 h at 37°C. The cell lysate was subjected to centrifugation (27, 200  g) to 155
eliminate undisrupted cells and cell debris and the supernatant was applied to a 5 ml Ni-156 NTA-Agarose (QIAGEN, Valencia CA) column equilibrated with buffer A. The column 157 was washed with 50 ml of buffer A, 50 ml of buffer A containing 10 mM imidazole and the 158 protein bound to the resin was eluted with 6 ml of buffer A containing 200 mM imidazole; 159 1.5-ml fractions were collected during this last step. Aliquots (15 µl) were analyzed by 160 sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously 161
described (17). 162 163
Determination of His 6 -YwjD enzyme activity. UV-endonuclease activity of His 6 -YwjD 164 was assayed against a sample of closed circular plasmid pBR322 that was exposed to UV 165 (450 J/m 2 ) following a previously described protocol (14). A typical reaction mixture in a 166 volume of 25 μl contained 500 ng of purified His 6 -YwjD, 200 ng of purified unirradiated or 167 irradiated plasmid pBR322 in 50 mM Tris-HCl (pH 7.9), 50 mM KCl, 15 mM MgCl 2 and 1 168 mM dithiothreitol (DTT). The reactions were incubated at 37°C for 1 h, and analyzed by 169 electrophoresis on a 1% agarose gel which was stained with ethidium bromide. Since the 170 enzymatic activity of the recombinant protein is identical to that reported in the extract of 171 transformed into E. coli DH5α. This plasmid was used to transform B. subtilis wild-type 243 and PERM639 strains generating strains PERM985 and PERM1009, respectively (Table 1) . 244 on June 22, 2017 by guest http://jb.asm.org/ Downloaded from were obtained and purified as described (22). To obtain sporulating cells, strains were 246 grown overnight at 37°C in LB medium, diluted 50-fold into DSM, and growth at 37°C was 247 monitored by optical density at 600 nm. Samples for UV exposure were collected by 248 centrifugation (5,000 x g) 5 h after cessation of exponential growth (T 5 ) and washed once 249 with phosphate buffered-saline (PBS; 0.7% Na 2 HPO 4 , 0.3% KH 2 PO 4 , 0.4% NaCl; pH 7.5). 250
Sporulating cells or spores [5 mL at an OD 600 nm of 0.5 (1-3 x 10 6 viable count) in 251 PBS were stirred continuously and UV irradiated at room temperature. Artificial UV-C 252 radiation was provided by a commercial low-pressure mercury arc lamp (model UVG-11; 253 UV Products, Upland, CA) that emitted essentially monochromatic 254-nm UV radiation. 254
Artificial UV-B radiation was provided by a commercial medium-pressure mercury arc 255 lamp (model UVM-57; UV Products, Upland, CA) that emitted a spectrum of UV 256 wavelengths from 280 to 320 nm, with peak emission at 302 nm. The UV dose produced by 257 the lamps was measured using a model UVX radiometer (UV Products, Upland, CA). 258
Survival of spores and sporulating cells during these treatments was measured by plating 259 aliquots of serial dilutions in PBS on LB medium agar plates; colonies were counted after 260 24-48 h of incubation at 37 o C. Experiments were repeated three times, and values were 261 plotted as averages of triplicate determinations ± standard deviations (SDs). In all cases, 262 killing curves were performed with different spore or sporulating cell preparations, and 263 these yielded essentially similar (± 20%) results. Initial expression attempts using ≥ 1 mM IPTG resulted in the production of inclusion 284 bodies in the E. coli host cells (data not shown). However, induction with 0.5 mM IPTG for 285 1 or 2 h at 37°C generated significant amounts of a soluble protein with the expected ~ 37 286 kDa molecular mass of YwjD (Fig1; lanes 3 and 4). This protein was purified to 287 homogeneity by nickel chelate affinity chromatography ( Fig. 1; lane 5) . 288
289
YwjD induces the specific nicking of a CPD-containing DNA substrate. To investigate 290 whether ywjD encodes a protein capable of acting on a DNA substrate containing CPDs we 291 first prepared a plasmid containing this type of lesion. An E. coli strain harboring plasmid 292 pBR322 was exposed to a UV-C dose of 450 J/m 2 , since this treatment induces the 293 formation of 3-4 CPDs per plasmid molecule (14), and the plasmid was purified from both 294 irradiated and unirradiated cells. In agreement with its predicted function, the purified His 6 -295 pBR322 (Fig. 2B; lane 2 and Fig. 2D) . As a positive control we utilized commercially 298 available Sp-Uve1 that was incubated with samples of pBR322 with or without CPDs. As 299 in the case of YwjD, Sp-Uvde1 catalyzed the incision of the CPD-containing plasmid DNA 300 (Fig 2A; lane 3 and Fig. 2C ) and left the unirradiated plasmid intact (Fig. 2B ; lane 3; and 301 not only in exponentially growing cells but also both early and late in sporulation (Fig. 3C) . 314
The maximum level of β-galactosidase from the ywjD-lacZ fusion was achieved late 315 in sporulation, and this level then fell as sporulation proceeded. This behavior is similar to 316 that of genes expressed primarily if not exclusively in the forespore compartment of the 317 sporulating cell, and often under the control of the RNA polymerase forespore-specific 318 sigma factor, σ (Fig. 3A) . Since many genes expressed specifically in developing 322 forespores are transcribed by RNA polymerase with the forespore-specific sigma factor σ G
323
(Eσ G ), we examined the levels of β-galactosidase from the ywjD-lacZ fusion in a sigG 324 strain (Fig. 3B) . Strikingly, ywjD-lacZ expression did not increase during sporulation of the 325 sigG strain, although expression was similar to that given by the lacZ fusion in the wild-326 type strain during logarithmic growth (Fig 3A) . whose transcription is confined to the forespore compartment such as splB, sspA, and sspB, 331 genes encoding proteins important in spore UV resistance (11, 19, 23, 24) . This is also 332 consistent with the rapid apparent decrease in β-galactosidase specific activity following T 6 333 that may be due to the inability to assay β-galactosidase when it becomes packaged into the 334 maturing spore (19). Since it is likely that there are significant levels of YwjD in dormant 335 spores (Fig. 3A) , it is possible that this YwjD is involved in protecting B. subtilis spores 336 against UV-induced DNA damage. However, disruption of either ywjD or uvrA alone did 337 not sensitize dormant spores to UV-B or UV-C (Figs. 4A,B) . Thus, the LD 90 s to UV-C 338 radiation of wild-type spores (210 ± 8.1 J/m 2 ) and those calculated for the single ywjD 339 (217.5 ± 12.5 J/m 2 ) and uvrA (223 ± 6.2 J/m 2 ) spores were not significantly different (Fig.  340   4A) . In contrast, dormant spores carrying mutations in both of these DNA repair genes 341 were significantly more sensitive to UV-B (Fig. 4B) , and LD 90 values were 2125 ± 30 J/m double knock out strain were not more susceptible to UV-C than were wild-type spores 344 (Fig. 4A) this analysis because levels of β-galactosidase from ywjD-lacZ were maximal at this time 354 (Fig. 3A) . This analysis revealed that the absence of YwjD slightly but significantly 355 increased the susceptibility of T 5 sporangia to 254 nm UV radiation (Fig. 5A) , as the 356 calculated LD 90 s for sporangia of the ywjD and wild-type strains were 62 ± 8 J/m 2 and 95.3 357 ± 7 J/m 2 , respectively. 358
Although the contribution of the NER system in conferring protection to vegetative 359 cells and spores from the noxious effects of UV radiation has been well established (6, 36, 360 37, 41, 51, 52), the role played by this pathway in protecting sporangia from UV radiation 361 is unknown. Our results showed that in comparison with the parental wild-type strain, the 362 absence of UvrA, an essential component of the NER pathway (53), greatly increased the 363 susceptibility of the B. subtilis T 5 sporangia to UV-C radiation (Fig. 5A) , and this 364 susceptibility was further increased by loss of both YwjD and UvrA (Fig. 5A) . Sporangia 365 on June 22, 2017 by guest http://jb.asm.org/ Downloaded from LD 90 s to UV-C of 95.3 ± 7 J/m 2 , 64.6 ± 3.1 J/m 2 , 13.5 ± 2.5 J/m 2 and 2.9 ± 0.5 J/m 2 , 367
respectively. 368
We next investigated the relative contributions of YwjD and/or NER in protecting the 369 T 5 sporangia from artificial UV-B light. Results revealed that sporulating cells from the 370 uvrA strain were more sensitive to UV-B than those from the wild-type strain, while loss of 371 ywjD alone did not increase the susceptibility of sporangia to UV-B (Fig. 5B) . However, 372 sporulating cells lacking both YwjD and UvrA were more sensitive to UV-B than uvrA 373 sporangia ( YwjD and NER are supposed to repair this type of lesion (44). However, when both repair 440 systems were inactivated, a dramatic decline in spore resistance to this type of radiation 441 was observed. Taking collectively, our results strongly suggest that UV-B-promoted PDs 442 are eliminated from the spore chromosome during spore germination by nucleotide excision 443 repair and by an alternative excision repair process that employs YwjD. 444
The A-type conformation adopted by the spore chromosome promotes the production 445 of the unique PD SP following UV-C radiation (21, 40). Results described in this report 446 suggested that YwjD is most probably not involved in processing SP, since spores deficient 447 in this protein were not sensitized to UV-C. A similar result was obtained when both uvrA 448 and ywjD were disrupted. Therefore, we conclude that damage inflicted by UV-C on the 449 chromosome of spores lacking YwjD and UvrA is most likely repaired by SplB and RecA 450 during spore germination/outgrowth (21, 38, 40). 451
YwjD and NER also clearly had a role in conferring protection on T 5 sporangia 452 against UV radiation. Analysis of this protection was complicated because there are two 453 cell types in T 5 sporangia, the mother cell and the developing forespore, either of which 454 could in theory give rise to a colony. However, by T 5 in sporulation under these conditions, 455 the majority of sporangia are committed to proceed through sporulation with eventual 456 mother cell lysis before giving rise to a growing cell, and therefore the colonies generated 457 from T 5 sporangia are largely derived from the developing forespores. The UV resistance of 458 T 5 sporangia is thus determined by developing forespores' UV photochemistry, their 459 complement of DNA repair proteins, their maintenance of sufficient levels of ATP andgeneral enzyme activity to allow DNA repair in the developing forespore itself, as well as 461 possible repair of DNA lesions acquired in sporulation only following spore germination. 462
Keeping these facts in mind, it was clear that NER played the major role in protecting T 5 463 sporangia from both UV-C and UV-B radiation, as inactivation of uvrA was enough to 464 sensitize these cells to both types of radiation, while disruption of ywjD alone only slightly 465 increased the susceptibility of T 5 sporangia to UV-C. However, YwjD did play a role in 466 protecting T 5 sporangia from UV-B, as disruption of ywjD increased the susceptibility of 467 the resulting ywjD uvrA strain to this type of radiation. We propose that the different 468 contributions of YwjD in protecting T 5 sporangia from UV-C and UV-B radiation probably 469 depends on the UV photochemistry and the large amount of CPDS induced by this physical 470 factor in developing forespores at this developmental stage. In support of this contention, it 471 has been shown that the spore-specific DNA photochemistry is dependent not only on the 472 SASP that are expressed 3-4 h after the onset of sporulation but also on the dehydration 473 state of the spore core as well as its accumulation of dipicolinic acid, and dipicolinic acid 474 uptake and full spore core dehydration take place 1-2 hr after SASP accumulation (8,19). It 475 has also been established that UV-C generally induces a much higher proportion of CPDs 476 than UV-B in SASP-free DNA (37). Taken collectively, our results support the idea that 477 under conditions of extreme UV-radiation, the developing spore eliminates PDs by 478 incision/excision (NER) and alternative excision repair (YwjD), assuring completion of the 479 sporulation process. Importantly, the UV sensitivity exhibited by mature and developing 480 spores lacking ywjD cannot be attributed to a polar effect, since supplementation of ywjD 481 
